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Seventeenth International Specialty Conference on Cold-Formed Steel Structures
Orlando, Florida, U.S.A, November 4-5, 2004

Web Crippling of Cold Formed Steel Multi -Web Deck
Sections Subjected to End One-Flange Loading
1. A. Wallace I and R.M. Schuster2

Abstract

Presented in this paper are the results of a study where the web crippling
capacity of multi-web deck sections subjected to End One-Flange loading (EOF)
was investigated. A total of 148 tests were completed. New coefficients were
established using the data from this study and any appropriate data from
previous work. New resistance factors and factors of safety were also
established.
Also investigated in this study was the web crippling capacity of partially
fastened deck sections and re-entrant deck type sections SUbjected to EOF
loading. Seventy-seven (77) partially fastened multi-web decks and 36 re-entrant
decks were tested in this study. It was found that partially fastened deck
sections, unfastened re-entrant deck sections, and fastened re-entrant deck
sections all behave in a similar manner to fully fastened multi-web deck sections
and the same web crippling coefficients can be used with the same resistance
factors and factors of safety.

Structural Designer, Tacoma Engineers Barrie, Former Graduate student in the
Department of Civil Engineering at the University of Waterloo, Waterloo,
Ontario, Canada.
2 Professor of Structural Engineering and Director of the Canadian Cold Formed
Steel Research Group, Department of Civil Engineering, University of
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Introduction

Presented in this paper are the results of a study where the web crippling
capacity of multi-web deck sections subjected to End One-Flange loading (EOF)
was investigated to determine the values of C, CR, CN, and Ch for Table C3.4.1-5
of the "North American Specification For the Design of Cold Formed Steel
Members" (200Ia). Both fastened and unfastened end bearing support
conditions were considered. The results demonstrated the significance of
fastening a multi-web deck section to the bearing support. Partially fastened end
support conditions were also considered. None of the partially fastened data was
used in determining the web crippling coefficients.
Re-entrant multi-web deck sections were also investigated in this study. The
coefficients in the NAS(2001a) for multi-web deck sections are intended for
sections with web inclinations between 45° and 90°. Re-entrant deck sections
have web inclinations greater than 90 0 •
In determining the new web crippling coefficients, data from other sources was
considered, however much of the data was incompatible. Many previous studies
had used a form of strapping to prevent the deck section from spreading. In
many cases, this strapping interfered with flange deformation and may have
influenced the failure mode.
Experimental Investigation
Test Specimens
The test specimens used in this study were selected to represent the range of
multi-web deck sections available in North America. Each profile was tested in
three thicknesses: 22 ga., 20 ga., and 18 gao Deeper sections were tested using
16 gao in lieu of 22 gao Listed in Table 1 are the deck profiles used in this study.
All specimens required a minimum of four webs to constitute a multi-web deck
section. If the deck section had only two webs, two deck sections were attached
together and tested as one unit. The specimens were crimped at both ends and at
mid-span.

173

Table 1: Deck Profiles used in Study
Pitch, in.
Depth,
Profile
United Steel Deck
United Steel Deck H6'
United Steel Deck H7.S·

4.S (114)
6 (IS2)

12 (306)
12 (306)
12 (306)
12 (306)
6 (lS3)
12 (306)
6 (IS3)
16 (406)

Number
of Webs
4
4
4
4
12
4
8
4
8
6

7.S (190)
4.S (114)
Wheeling DeepRib
Oanam P-361S
I.S (38)
Canam P-2432
3 (76)
3 (76)
VicWest RD306
3 (76)
VicWest HB30V**
61116 (1S4)
Epic ER2R
2 (SO)
8 1/8 (206)
Epic ER3.S
4 (102)
3 (76)
8 (203)
CMRM S-30-8
6
Two deck sections were joined together to create a four-web section.
•• This section normally has web embossments, however, it was rolled without
web embossments for this study.

Fastening Patterns
Specimens were tested under a variety of fastening patterns ranging from no
fastening, to only being fastened at the ends, to being fastened at every flute. A
specimen with a pitch less than or equal to 8" (200 mm) was considered to be
fully fastened when every second flute was fastened to the support. Specimens
were fastened to the supports using 7/16" (II mm) bolts with a washer being
placed under the bolt head only. The bolt head was always under the bearing
plate, so that the washers were never in contact with the specimens.
Common practice is to consider the deck section to be fastened when fasteners
are spaced at intervals not greater than 18" (450 mm). When the fastener spacing
exceeds 18" (4S0 mm), the assumed support condition is unfastened. In this
study, a partially fastened support condition was defined as a deck section that
was fastened, but the fasteners were spaced at intervals greater than 18" (4S0
mm). An investigation of partially fastened support conditions was done to
determine iftreating Ihis condition an unfastened condition is correct.
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Shown in Figure I are all of the deck profiles of the various specimens used in
this study and listed in Table 2 are the different fastening patterns that were
used. The fastener locations listed in Table 2 are in reference to the lowercase
letters shown in Figure I.
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Figure 1: Profiles of Specimens Used in the Study

The assumption was made that all specimens of the same profile, thickness, and
manufacturer would have similar mechanical properties. Three coupon
specimens were cut from the webs of one of the tested deck specimens per
profile per thickness. These coupon specimens were carefully measured and
tested in accordance with ASTM A370 (2002) and Section A7.1 of the
Commentary on the North American Specification for the Design of Cold
Formed Steel Structural Members (2001 b). The average yield strength of these
coupons was then applied to all other specimens of the same profile, thickness,
and manufacturer.
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Table 2: Fastening Combinations for each Section Profile Tested.
Deck Section Profile
Fastener Location
Number of
Combinations
Combinations

o
A

a-c
a-b-c

B

a-d
a-b-d

C

a-e
a-c-e

3

o
3

o
3

o
D

a-g
a-d-g
a-c-e-g

4

o
E

a-e
a-c-e

3

Test Set-Up
All specimens were tested under simply suppOlied span conditions subjected to
a single line load. The location of the applied load and the supports were chosen
to ensure failure at the 'near' end support. To reduce the chance of failure due to
bending, the span length was kept to a minimum. In some cases the section
needed reinforcement to prevent bending. The reinforcing was achieved by
screw-fastening a piece of the same deck section to the test specimen while
ensuring that a distance of 1.5 times the section depth, measured from the inside
of the 'near' bearing plate, was not reinforced. A photograph of a reinforced
specimen is shown in Figure 2.
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Figure 2: Reinforced Specimen to Achieve EOF Loading
For clarity, the ends of the specimen were designated as 'near' and 'far,' as
shown in Figure 3. Failure was anticipated at the 'near' end. The applied load
was closer to the 'near' support to impose a higher load than at the 'far' support.
The bearing plates at the 'near' end were smaller than the bearing plates at the
'far' end of the specimen. A schematic layout of the test set-up is shown in
Figure 3.
At the 'near' end, the specimens were tested using one of three different bearing
lengths: 1" (25 mm), 2" (50 mm), or 3" (75 mm). The bearing length at the 'far'
end was 6" (150 mm). For some tests, the 'near' end of the specimen was
fastened to the bearing plate using bolts. The 'near' end bearing plates were
slotted to accommodate the variety of geometries of the different test specimens.
Far

Near
Fastening
Pattern

~>1.5
~150 mmJ

Bearing
i'rn7m77! Length

r--Load Span Length
I<-------Span Length--------I

Figure 3: Schematic Diagram of Test Set-up
The load was applied by using a hydraulic actuator at a constant rate of
displacement An electronic load cell, positioned between the actuator head and
the specimen was used to measure the load. For each section geometry and steel
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thickness, one specimen was tested as per Figure 3 for each bearing plate width
and fastening condition,.

Maximum Applied Load
Two different mechanisms exist under which web crippling can occur: the yield
arc mechanism, which is characterized by out-of-plane deformation of the web
element, and the rolling mechanism, where the deformation occurs at the radii
between the web and flange elements. The rolling mechanism is more common
with shallow deck sections and sections with large bend radii. These two
mechanisms are illustrated by means of diagrams in Figures 4 and 5.
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Figure 4: Yield Arc Mechanism
The yield arc mechanism and the rolling mechanism have different characteristic
load-stroke displacement curves. The displacement refers to the displacement of
the actuator head and not of the specimen.
Illustrated in Figure 6 is a typical load-stroke displacement curve for a specimen
that has experienced the yield arc mechanism. This curve shows an initial
increase in load until failure at the first peak. At this point, the web has started to
arc and the ability of the specimen to resist load is diminished. As the web
deforms, one half of the web is pushed downward until it becomes part of the
flange element. The remaining web element is shorter and thereby increasing its
ability to resist load. This causes a second increase in web crippling resistance
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that is greater than the initial resistance. However, as the specimen is
permanently deformed, failure is considered to have occurred at the first peak.
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Figure 5: Rolling Mechanism

The identification of a peak failure load is not as simple with the rolling
mechanism. Illustrated in Figure 7 is a typical load-stroke displacement curve of
a specimen failing in a rolling mechanism mode. The rolling mechanism does
not have an abrupt loss of load resistance characteristic to the yield arc
mechanism. It is a subtle failure where once the failure load is reached
deformation occurs gradually. As the depth of the web element gradually
decreases the load resistance will gradually increase. This makes identification
of a failure load difficult.
The failure load of a rolling mechanism was taken as the load at the point of
inflection on the load-stroke displacement curve.
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Web Crippling Failure
Deformed shape
has higher web
crippling capacity.

Stroke

Figure 6: Typical Load-Stroke Displacement Curve of Yield Arc
Mechanism

PApplj,d
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at Point of Inflection.
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curve where:
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Figure 7: Typical Load-Stroke Displacement Curve of Rolling Mechanism
Methods of Analysis and Calibrations
Tile Mathematical Model

The model lIsed in this study is a non-linear equation with four independent
variables, which is an optimization problem where the minimum value of
Equation 2 must be found.

~(~i -C·ti ·F"i 'Sine{l-CRfXXl+CN~j{Xl-C"f7)J (2)
2

where:
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Rti
Fy;

h;
N;

R;
I;

0;
n
C
C"
CN
CR

Sequence of web crippling capacities determined from tests
Sequence of measured yield strengths
Sequence of web depths (measured in plane of web)
Sequence of bearing lengths
Sequence of inside bend radius
Sequence of web thicknesses
Sequence of web inclinations
Number of test values in the sequence
Coefficient
Web slenderness coefficient
Bearing length coefficient
Inside bend radius coefficient

The model is subject to the following constraints: C is an integer greater than
zero; Ch, CN , and CR are real numbers greater than zero.
Calibration

Resistance factors, ~, used with the LSD design method in Canada and with the
LRFD design method in the US and Mexico were calculated using the
prescribed method in the Commentary on the 2001 Edition of the North
American Specification for the Design of Cold-Formed Steel Structural
Members (2001b). The resistance factors were determined in conformance with
each country's respective load factors, dead to live load ratios, and target
reliability index, p.
Web Crippling Coefficients for Multi-Web Deck Sections

The ultimate goal of this study is to determine appropriate values for the web
coefficients, C, CR, CN , and Ch, to be used so that the web crippling expression
given as Equation 3 can be applied to multi-web deck sections.

Using all suitable available data (including the new test data from this study and
previous data from Bhakta (1992) and Wu (1997», the web crippling
coefficients were determined and are summarized in Table 3. Data of 'partially
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fastened' and re-entrant deck sections were not used in the calculations of the
web crippling coefficients.
Test specimen parameter ranges were: 299 MPa (43.4 ksi) < Fy < 674 MPa (97.8
ksi); 1.41 <R/« 19.9; 20.0 <Nit < 110; 20.8 < hit < 211; and 71°< B< 90°.
Table 3: Web Crippling Coefficients for EOF Loading of Multi-Web Deck
Sections
Support Condition
C
CR
CN
Ch
Unfastened
0.04
0.028
3
0.2~
4
Fastened
0.04
0.25
0.025

One can compare the effectiveness of the coefficients in Table 3 to the
coefficients listed in the NAS(2001a) by comparing the ratios of RtcstfRealc. Rlcst
is the recorded test load on the deck section at the failure end. Reale is the
theoretical load capacity computed in accordance with Equation 3, using the
appropriate web crippling coefficients. Given in Table 4 is a summary of this
comparison.
Table 4: Comparison of NAS(2001a) and Proposed Coefficients
Coefficients
Support
Mean
COV
Number
of Tests
Used
Condition
RtestiRealc
RtestfRealc
92
0.977
0.484
Unfastened
NAS (2001a)
Fastened
0.306
77
1.273
92
Unfastened
0.318
1.006
Proposed
Fastened
1.059
0.129
77

One can observe from Table 4 that the current NAS(2001a) provisions, which
uses the same coefficients for both fastening conditions, are conservative for the
fastened support condition. One can also observe an improvement of the COV
(Coefficient of Variation) for the unfastened data using the new web crippling
coefficients.
One can also observe from Table 4 that the coefficient of variation is much
larger for the unfastened condition than for the fastened condition. This is due to
the large scatter in the unfastened data caused by the tendency of unfastened
deck sections to 'spread' before web crippling can occurs. This tendency to
spread is difficult to predict and is more common with sections that have web
inclinations less than 75° with respect to the support surface. Shown in Figure 8
is a photograph of an unfastened multi-web deck section that has spread during
testing.
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Figure 8: Spreading of a 4 Web Deck Section
The resistance factors and factors of safety (U.S. and Mexico only) have been
determined in accordance with Section A5 of the Commentary to the 200 I
Edition of the North American Specification of Cold Formed Steel Structural
Members (200 I b). The resulting resistance factors and factors of safety are
given in Table 5.
Table 5: Factors of Safety and Resistance Factors for EOF Loading of
Multi-Web Deck Sections
U.S. and Mexico
Canada
Support Condition
Unfastened
Fastened

Q

q,

q,

0.626
0.905

2,45
1.69

0,494
0.773

Partially Fastened Support Condition
Also investigated in this study was EOF loading of deck sections under partially
fastened support conditions. Contained in Table 6 are the summary values of the
partially fastened deck sections. The data was examined using both unfastened
and fastened end condition coefficients to see which set of coefficients best fit
the data.
. IIly F astene dTest R esu ts
T a ble 6 : C ompartson 0 fPartla
Coefficients
Number
Mean
COY of RteslR:alc
Used
of Tests
RtestfR:alc
Unfastened
78
1.271
0.137
Fastened
1.009
0.132
78

While one might expect that it would be best to be conservative and use the
coefficients for unfastened support conditions when dealing with partially
fastened conditions, one can observe from Table 6 that this would be overly
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conservative. The resistance values and the factor of safety given in Table 5 for
fastened conditions also apply to partially fastened conditions.

Re-entrant Multi-Web Deck Sections
Part of this study was to investigate re-entrant multi-web deck sections to see if
the web crippling capacity is similar to common multi-web decks. Re-entrant
deck sections have a web inclination is at an angle greater than 90°. Currently,
the web crippling coefficients are limited to sections with web inclinations of
90° or less. The re-entrant decks were tested under fastened, unfastened, and
partially fastened conditions. Given in Table 7 and Table 8 are the comparison
results and the resistance factors and factors of safety, respectively. As can be
observed from Table 7, the best correlation with re-entrant decks appears to be
with the web crippling coefficients for the fastened support condition, regardless
of the fastening condition.

T a ble 7 : R esuItso fRe-en t ran t D ec k s U'
smg M u IfI- W e b C oe ffi'
IClen s
Number
Support
Coefficients
Mean
COY of RtestfReak
Condition
of Tests
Used
R'estfRealc
Unfastened
Unfastened
12
1.205
0.080
Unfastened
12
0.962
0.082
Fastened
0.965
Fastened
Fastened
10
0.071
Partial
Unfastened
14
1.244
0.089
Partial
Fastened
14
0.996
0.091
0.082
All
Fastened
36
0.976
In addition, the coefficient of variation is much lower for re-entrant decks than it
is for regular multi-web decks. The most likely explanation for the improved
coefficient of variation is that the geometry of the re-entrant deck does not
permit the deck to spread. Because the coefficient of variation is changed, the
resistance factors and factors of safety were recalculated for re-entrant decks and
are given in Table 8.
One will observe in Table 8 that the resistance factors and factors of safety for
re-entrant decks, regardless of support condition, are similar to the resistance
factors and factors of safety for regular decks under fully fastened support
conditions.
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Regardless of support condition, the web crippling capacity of re-entrant deck
sections can be determined by using the coefficients of regular multi-web deck
sections with fully fastened support conditions.
Table 8: Resistance Factors and Factors of Safety for Re-entrant Decks
U.S. and Mexico
Canada
Support Condition
4>

n

Unfastened
0.863
1.78
Fastened
0.873
1.76
All Re-entrant Data'
0.875
1.75
..
·usmg coefficIents for fastened condItIons

4>

0.747
0.757
0.758

Discussion and Recommendations

As was demonstrated by the results shown in Table 4, improved web crippling
coefficients for the case of End One-Flange loading of multi-web sections were
developed in this study. While the average test-to-calculated load ratio did not
improve significantly, the coefficient of variation did however improve,
indicating that the new coefficients are more reliable than the previous
coefficients.
The value of the coefficient, C, increases by 33% between the two support
conditions, which is similar to the findings by Bhakta (1992), where the web
crippling capacity of deck sections increased by 37% when the decks were
fastened to their supports during testing.
It was found that partially fastened deck sections can use the same coefficients

as fully fastened deck sections. However, it is not recommended that the
NAS(2001a) be amended to allow partially fastened decks to be treated as fully
fastened.
It was found that re-entrant deck sections behave similarly to fastened multi-web
deck sections, regardless of support condition. It is recommended that the NAS

be amended so that re-entrant sections are included as multi-web deck sections
by eliminating the restriction that the web inclination be less than or equal to
90°.

Since there are two different failure mechanisms associated with EOF loading of
multi-web deck section web crippling, perhaps there should be two different
equations for predicting web crippling. It would be worth investigating to see if
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separate equations, one to predict the web arc yielding capacity and one to
predict the web rolling capacity of a web element, might better predict the web
crippling capacity of multi-web deck sections subjected to EOF loading.
The reader is referred to Wallace (2003) for all the detailed data and discussion
to support the contents of this paper.
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